Deep-sea hydraulic manipulator is the most commonly used operation equipment for executing subsea operations in different applications. The increasing demands on underwater operational ease require the implementation of manipulator system which can maintain similar dynamic performance in different working conditions Considering the variations of seawater properties at different ocean depths, especially high hydrostatic pressure in deep-sea environment will make the kinematic viscosity of oil obviously increased, which has a significant influence on the performance of deep-sea hydraulic manipulator. The viscosity-pressure characteristics of working medium is tested. A detailed nonlinear mathematical model and related simulations considering the significant slender pipelines between valves and actuators due to the increased oil viscosity are conducted to analyze the ambient pressures against varying depths affecting the manipulator performance. The 115MPa online pressure experimental results indicate the joint response characteristics at different ambient pressures, which provides basis for response consistency control of deep-sea hydraulic manipulator.
INTRODUCTION
Recent advances in marine engineering technology provide us opportunities to conduct research on deep ocean. The deep sea exploration need the high-tech marine equipment which can complete a variety of marine scientific research and operation missions [1] . Exploring in deep sea environment has become one of the most challenging events in marine engineering [2] . Deep-sea manipulator is a typical operation tool which is widely used for performing deep sea tasks in different applications [3] .
Hydraulic manipulators utilizing mineral oil as the working medium, mounted on ROV or HOV, are used for a variety of subsea tasks in different applications within offshore oil and gas, marine renewable energy and marine civil engineering industries [4] as well as in marine science and military applications [5] . As they are being used in a wide range of applications, subsea manipulators are designed for different purposes and can work at any ocean depth with the pressure compensator balancing the tank pressure with the ambient pressure [6] . Some industrial companies such as Schilling Robotics, Hydro-Lek and ISE, have already realized deep-sea hydraulic manipulator industrialization, the normally designed depth rating is 6000 meters or less. However, the high hydrostatic pressure (about 115MPa in 11000m depth) in deepsea environment will make the kinematic viscosity of the oil significantly increased leading to the hydraulic manipulator too sluggish to operate, which will be a great technical challenge for the 11000m depth hydraulic manipulator design and control [7, 8] .Nowadays, the increasing demands on underwater operational ease require the implementation of manipulator system which can maintain similar dynamic and tracking performance in different working conditions [9, 10] . Therefore, research on the performance at different ambient pressures is essential to realize the response consistency of hydraulic manipulator at any ocean depth.
In this paper, we concentrate on the influence of ambient pressure on the dynamic performance of a 11000m depth hydraulic manipulator system. First, a detailed nonlinear mathematical model considering the significant slender pipelines between valves and actuators due to the increased oil viscosity is then derived, which constructs the basis of simulation. The related simulations are then conducted to analyze the ambient pressures against varying depths affecting the dynamic characteristics and performance of the manipulator system at AMESim and Simulink co-simulation platform. Finally, an experimental platform is set up to conduct the 115MPa pressure experiment of manipulator joints, which is a necessary step in manipulator's development. The experimental results present the influence of ambient pressure on performance of the manipulator joints and problems arose that have to be solved lately.
978-1-7281-1450-7/19/$31.00 ©2019 IEEE The paper is organized as follows. In Section II, the viscosity-pressure characteristics of the manipulator working medium is presented. Section III shows the mathematical and co-simulation model. The experimental setup and results are shown in Section IV. Finally, we provide some concluding remarks in Section V.
II. VISCOSITY-PRESSURE CHARACTERISTICS OF OIL
One key technical challenge for deep-sea hydraulic manipulator is that oil gets compressed by the ambient pressure [11] . For every 1000 meters of seawater depth increase, the pressure increases by about 10MPa. The deepest part of ocean can reach 11,000 meters, and the pressure can reach 115MPa. As the depth increases, the external pressure continues to increase, and the viscosity of the oil also increases, about 15-20 times under normal temperature and pressure. An increase in the viscosity of the oil causes larger pressure loss of the hydraulic system, and a pressure decrease at the hydraulic actuator affecting the response characteristics and thus the performance of the hydraulic manipulator. The hydraulic oil becomes much thicker as the pressure increases.
The oil viscosity has essential significance for performance of the deep-sea manipulator. At present, the underwater hydraulic manipulators uses 22# hydraulic oil, but its viscosity changes too much with the pressure increase. For 22# hydraulic oil, the viscosity at 2°C and 115Mpa is much larger than that under normal temperature and pressure. Therefore, we use 10# aviation hydraulic oil as the working medium which can be bought as thin as possible and conduct the research on its viscosity-pressure characteristics. The testing device is shown in Fig. 1 . The compression pressure is set at 0-120MPa and temperature is 2°C. Fig. 2 shows the testing results of viscositypressure characteristics for 10# aviation hydraulic oil. 
III. MATHEMATICAL MODEL AND SIMULATION

A. Mathematical Model
A detailed nonlinear mathematical model considering the viscosity-pressure characteristics of the working medium is established, including the hydraulic power source, pipelines, servo valve, rotational hydraulic motor, driving cylinder, and the pressure compensator. Figure 3 shows a schematic diagram of an typical manipulator linear activate joint driven by a 4/3 way servo valve. The dynamics of the linear driving joint can be given by
where m is the mass of the load, xp is the displacement of the joint cylinder rod, P1 and P2 are the pressures in the cylinder forward and return chamber, respectively, A1 and A2 are the ram areas of the forward and return chamber, respectively, FL is the total load force of the linear driving joint.
Neglecting the external leakage flow, the pressure dynamics of the two actuator chambers can be written as
where V01 and V02 are the initial control volumes of the two actuator chambers, e β is the effective hydraulic fluid bulk modulus, Ct is the total internal leakage coefficient, Q1 is the supply flow rate to the forward chamber, and Q2 is the return flow rate from the return chamber. Q1 and Q2 can be modeled by
Define function ( )
where kq is the servo valve flow gain coefficient, xv is the servo valve spool displacement, Ps is the pump supply pressure, and Pt is the tank pressure. Because the desired closed loop dynamics is significantly slower than the servo valve dynamics, the servo valve dynamics can be neglected without a significant reduction on the model accuracy. For simplicity, we use the following approximation [12, 13] :
where kx is a positive constant and u is the control input voltage. Hence, combining (3)-(5), we get: 
The mathematical modeling of fluid pipe cannot be neglect other than the conventional modeling. The present distribution parameter models of fluid pipe are analyzed and one of them is considered most suitable for theoretical analysis of hydraulic manipulator system. The fluid piping network is modeled by 
where ( ) ( ) ( ) ( ) ( ) ( ) 
where L is the pipeline length, a is the wave velocity, r0 is the internal diameter of the pipeline, and v is the kinematic viscosity.
B. Simulation
The high hydrostatic pressure in deep-sea environment is inevitable leading to great variations in hydraulic properties, especially the kinematic viscosity of oil, which has a significant effect on the deep-sea manipulator. To verify the performance of the typical joints under circumstance of different oil viscosities, simulations were performed using a co-simulation platform.
Based on these models of components and typical joints, the analysis model in frequency domain and simulation model in time domain of the manipulator system with long and slender pipelines at AMESim and Simulink co-simulation platform are established. The influences of pipes and ambient pressures on the manipulator system are investigated. Fig. 4 shows the co-simulation platform of the manipulator typical joints with pressure compensation. The simulation takes account of the viscosity variations due to the variable ambient pressures.
According to the structure and manipulator system parameters, the main simulation parameters are selected as shown in Table I . First of all, we focus on the dynamic performance of the linear cylinder confronted with two different viscosities: 50cst (at atmosphere pressure) and 280cst (at 115MPa ambient pressure), according to the testing results of viscosity-pressure characteristics for 10# aviation hydraulic oil. The displacement transient response of the cylinder with 280cst oil exhibits obvious slowdown due to the increasing pressure loss along the pipelines. Although the load servo valve opening is fixed, the load flow varies with oil viscosities because of the nonlinear flow-pressure characteristic of the load valve. The influence of the oil viscosities can be seen in the plots of cylinder displacement and pressures in the cylinder forward and return chamber, as shown in Fig 5. The movement speed of the cylinder slowed down and the pressure loss increased at 115MPa ambient pressure compared with the atmosphere pressure. To further simulate the dynamic performance of the wrist joint confronted with two different ambient pressures, the openloop control signal was set to ensure the continuous rotation of the joint actuator. The simulation results demonstrate that the rotational velocity are similar due to the less internal leakage as shown in Fig. 6 ..
IV. PRESSURE EXPERIMENT ON TYPICAL JOINTS
To evaluate the influence of different ambient pressures on performance of the hydraulic manipulator system, a pressure experiment platform has been set up. The whole experiment system configuration is shown in Fig. 7 . On-line pressure experiments are conducted to test the behavior of joints and explore the characteristic change of key components, including servo valve, pipelines, pump etc., and discover some phenomena never occurred running on land or in the shallow water arose in 115MPa pressure tank. Subject to the dimensions of the pressure tank, we choose wrist joint and liner cylinder as the typical joints of manipulator system to conduct pressure experiments.
In the test bench, the joint is controlled by servo valve whose bandwidth is about 100Hz on land. The supply pressure of the pressure controlled pump is set at 15MPa. A compatible PC including a 16-bit multi-function data acquisition and control card (NI PCI-6229) is used to acquire the sensor signals and generate control signal to the servo valve. The on-line 115MPa pressure experiments are conducted in the MATLAB/xPC target environment and the sampling time is 1ms. The experimental installation is presented in Fig. 8 . Besides the typical manipulator joint, assistant equipment (subsea light and camera) and hydraulic system are included. The dynamic performance of the liner cylinder is achieved as shown in Fig. 9 . The full stroke extension and retraction time in the 115MPa pressure environment increases by 30% and 35% respectively than that at atmospheric pressure. The pressure loss along the pipelines increases by about 2.5MPa with no load acting on the cylinder. The dynamic performance of the wrist joint with a step control signal is shown in Figure 10 . Although the pressure loss along the pipelines increases, the rotational velocity remains unchanged confronted with two different ambient pressures. This occurs because the hydraulic oil becomes much thicker as the pressure increases, leading to a less internal leakage of the tested wrist joint. In this paper, the viscosity-pressure characteristics of the hydraulic working medium is tested. A detailed nonlinear mathematical model considering the significant long slender pipelines due to the increased oil viscosity is then derived. Next, based on the mathematical model, a co-simulation platform are conducted to analyze the ambient pressures against varying depths affecting the dynamic performance of manipulator system. Finally, the 115MPa on-line pressure experiment of typical manipulator joints can reflects the influence of ambient pressure on performance of 11000m depth hydraulic manipulator and construct the basis of further development. The experimental results are necessary for control parameter adjustment suitable to operate consistently at different ambient pressures and construct the basis of pressure experiments on the whole manipulator system.
